Animal studies have shown that a deficiency in brain of the n-3 polyunsaturated fatty acid (PUFA) docosahexaenoic acid (DHA) is associated with memory loss and diminished cognitive function. The senescence-accelerated prone 8 (SAMP8) mouse develops impairments in learning and memory at 8-12 months of age. The effect of diet supplemented with n-3 PUFA on brain phospholipid DHA status, learning, and memory ability in aged SAMP8 mice was investigated. At the age of 10 months, SAMP8 mice were fed either a low-DHA or a high-DHA diet for 8 weeks. In comparison to SAMP8 mice fed the low-DHA diet, those fed a high-DHA diet had improved acquisition and retention in a T-maze foot shock avoidance test and a higher proportion of DHA in hippocampal and amygdala phospholipids. This study demonstrates that, in mature animals, DHA is incorporated into brain phospholipids and that dietary n-3 PUFA is associated with delay in cognitive decline.
B
RAIN tissue membrane phospholipids (PL) are rich in the n-3 polyunsaturated fatty acid (PUFA) docosahexaenoic acid (DHA or 22:6n-3). It has been shown that the balance between DHA and the n-6 PUFA arachidonic acid (20:4n-6) in brain membrane PL is crucial for normal functioning of the central nervous system (1) (2) (3) (4) (5) . Humans and animals must obtain essential n-3 PUFA and n-6 PUFA from their diet. The sources for DHA and 20:4n-6 in brain membrane PL are derived from the diet or from conversion of their respective dietary precursors in liver (6, 7) . The precursors of DHA are a-linolenic acid from plant products and eicosapentaenoic acid (EPA or 20:5n-3) of marine origin and that of 20:4n-6 is linoleic acid (18:2n-6) .
Studies demonstrate that lipid peroxidation in brain is an early event in Alzheimer's disease (AD), which strengthens the hypothesis that oxidative damage may play a role in the pathogenesis of AD (8, 9) . The double bonds in PUFA are highly susceptible to peroxidative damage, which is initiated by reactive oxygen species (10) and results in a decrease in content of n-6 PUFA and n-3 PUFA in membrane PL. Decrease in the DHA content of hippocampal tissue during aging has been demonstrated in patients with AD (11) and in 12-month-old senescence-accelerated prone 8 (SAMP8) mice (12) . The SAMP8 strain of mice is a model of AD, because the mice develop age-related deficits in learning and memory that is associated with an age-related overexpression of amyloid precursor protein (APP) and elevated levels of amyloid-beta (Ab) protein in brain (13) (14) (15) (16) (17) (18) . According to the amyloid hypothesis, accumulation of Ab protein is central to the pathogenesis of AD (19) (20) (21) . It has been suggested that DHA is a possible therapeutic agent for ameliorating learning deficiencies caused by AD, which could act by suppressing the increases in the levels of lipid peroxide, reactive oxygen species, and amyloid accumulation in AD models (22) (23) (24) .
Epidemiological (25) (26) (27) and animal studies (28) (29) (30) (31) have reported that there is an association between learning ability and dietary intake of n-3 PUFA. A study in an aged APPsw (Tg2576) transgenic mouse model has shown that dietary DHA intake late in life markedly reduced amyloid accumulation (22) . A balance between dietary n-6 PUFA and n-3 PUFA affects the ratio between n-6 PUFA and n-3 PUFA in brain PL in 7-month-old SAMP8 mice. These studies suggest a mechanism by which dietary PUFA could influence learning and memory (32) .
The hippocampus is an area of the brain that is important for recall of recent memory (33, 34) , and the amygdala is an area important for formation of long-term memory (35) . It has been shown that the composition of fatty acids in the mouse brain PL is region-specific (36) . Furthermore, it has been demonstrated that, in SAMP8 mice, PL classes in the hippocampus and amygdala differ in their fatty acid composition (12) .
The purpose of the present study was to investigate the effects of dietary n-3 PUFA on the PUFA content in membrane PL classes and on antioxidant status, that is, vitamin E content, in hippocampus and amygdala of aged SAMP8 mice. Furthermore, the effect of dietary n-3 PUFA intake on acquisition and retention behavior seen in T-maze foot shock paradigms was investigated.
MATERIALS AND METHODS

Animals, Diet, and Sampling
Animal experimental procedures were carried out in accordance with guidelines of the National Institutes of Health Guide for Care and Use of Laboratory Animals. Naive 10-month-old male SAMP8 mice were obtained from a colony held at the laboratory of the Geriatric Research Education and Clinical Center (GRECC), Veterans Affairs Medical Center (St. Louis, MO). The colony is derived from siblings provided by Dr. Takeda of Kyoto University, Japan (37) , and has been maintained as an inbred strain for 14 years under clean-room procedures (i.e., use of sterile gloves in handling mice, sterilized cages and bedding, restricted access to breeding area), and housed in microisolator HEPA filter units (Allentown Caging, Allentown, PA). The colony routinely undergoes serological testing for viral and bacterial contamination and has remained free of pathogens for more than 14 years. The SAMP8 mice were housed in rooms with a 12-hour light/dark cycle (lights on at 6 AM) at 20-228C with water and food available ad libitum. At 10 months of age, 20 SAMP8 mice were randomly assigned to one of two dietary groups. The first group received a low-DHA diet (Harlan Teklad Mouse Breeder Diet 8626; Indianapolis, IN) containing 4.4% total n-3 PUFA and 0.3% DHA. The second group received a high-DHA diet (F5069; Bio-Serv, Frenchtown, NJ) containing 30.3% total n-3 PUFA and 14.3% DHA. The fatty acid composition and the peroxidizability index (Peroxind), an index for polyunsaturation, of the diets are shown in Table 1 . The Peroxind is calculated as follows: 3 5) . The Peroxind and amount of vitamin E (dl-a-tocopheryl acetate) were higher in the high-DHA diet than in the low-DHA diet (122.6 vs 42.1, and 150 IU/kg diet vs 103 IU/kg diet, respectively). The SAMP8 mice were maintained for 8 weeks on the experimental diets.
Animals were killed, and the hippocampus and amygdala were removed according to the method of Glowinski and Iversen (38) and prepared in the laboratory of the GRECC, immediately frozen in liquid nitrogen, and flown in dry ice to the Department of Physiology, Faculty of Medicine, University of Iceland, where they were stored at À808C until analyzed.
T-Maze Training and Testing Procedures
The SAMP8 mice were 12 months of age at the start of behavioral testing and were maintained on their respective diets. The T-maze consisted of a black plastic alley with a start box at one end and two goal boxes at the other. The start box was separated from the alley by a plastic guillotine door, which prevented movement down the alley until training began. An electrifiable stainless steel rod floor ran throughout the maze to deliver scrambled foot shock. The mice were not permitted to explore the maze prior to training. A block of training trials began when a mouse was placed into the start box. The guillotine door was raised and a buzzer sounded simultaneously; 5 seconds later, foot shock was applied. The goal box entered on the first trial was designated ''incorrect,'' and the foot shock was continued until the mouse entered the other goal box, which in all subsequent trials was designated as ''correct'' for the particular mouse. At the end of each trial, the mouse was returned to its home cage until the next trial. The intertrial interval was 30 seconds with a foot-shock intensity of 0.30 mA. The buzzer intensity was 55 dB. The mice were trained until they made one avoidance. Retention was tested 1 week later by continuing training until the mice achieved the criterion of making five avoidances in six consecutive trials. The number of trials the mouse took to make one avoidance was the measure of acquisition. The number of trials needed to reach the criterion of making five avoidances in six consecutive trials was the measure of retention.
Lipid Extraction and Fatty Acid Analysis
Total lipids were extracted from the hippocampus and amygdala using methanol-chloroform (1:2, vol/vol; Merck, Darmstadt, Germany) by the method of Folch and colleagues (39) . The antioxidant butylated hydroxytoluene (BHT, 5 mg/100 mL) was added to the extraction medium. Hippocampus and amygdala PL classes were separated by thin-layer chromatography (Adsorbosil H, soft layer; Alltech, Deerfield, IL) with the following solvent system: chloroform/ethanol/triethylamine/water (30:34:35:8, vol/vol/ vol/vol). The migration was as follows: sphingomyelin , phosphatidylcholine (PC) , phosphatidylserine (PS) , phosphatidylinositol (PI) , phosphatidylethanolamine (PE) , cerebrosides. The fatty acids in each PL class were 
transmethylated for 45 minutes at 1108C using 14% boron trifluoride/methanol (Sigma Chemical Co., St. Louis, MO). The fatty acid methyl esters (FAME) were analyzed by use of a gas chromatograph (Hewlett Packard HP 7673; Palo Alto, CA) equipped with a Chrompack CP-WAX 52 CB polyethylene glycol column (25 m 3 0.32 mm internal diameter 3 0.2 lm; Varian B.V., Bergen op Zoom, the Netherlands). The injector and detector temperatures were maintained at 2358C and 2508C, respectively. The oven temperature was programmed for initial oven temperature of 908C for 2 minutes, then rising at 308C/min to 1658C, and at 38C/min to 2258C, and held isothermal for 6 minutes. Hydrogen was used as the carrier gas. The FAME peaks were identified and calibrated against those of commercial standards (Sigma; Elysian, MN). The results are expressed as percentage of total fatty acids.
Quantitative Analysis of a-Tocopherol (Vitamin E)
Hippocampus and amygdala samples were homogenized in 0.9% saline and used for a-tocopherol analysis based on a method previously described by Su and colleagues (40) . Care was taken to avoid substantial exposure of samples to light. Briefly, samples were extracted with hexane after precipitation of proteins with ethanol containing an internal standard of a-tocopherol acetate (10 lL/mL) and 0.01% BHT, evaporated under nitrogen, and redissolved in the mobile phase. The mobile phase consisted of methanol þ 0.05% ammonium acetate, acetonitrile þ 0.1% triethylamine, and chloroform. Three linear gradient steps were programmed. Samples were injected onto a high-performance liquid chromatography (system series 200; PerkinElmer, Buckinghamshire, UK) reversed-phase C18 5 lm-particlediameter column. a-Tocopherol was monitored at 292 nm. The amount of a-tocopherol was determined by comparison of the peak areas against the standard curve. Concentration of protein was determined by a method based on the Lowry technique (41). The results are expressed as nmol atocopherol/mg protein.
Statistical Analysis
The effect of dietary n-3 PUFA intake on acquisition and retention of T-maze foot-shock avoidance, fatty acid composition of PL classes, and concentration of a-tocopherol in hippocampus and amygdala were analyzed with an independent sample t test. Differences were considered significant at p , .05. Statistical analysis was performed using the SPSS program (SPSS 11.5 for Windows; Chicago, IL).
RESULTS
The 12-month-old SAMP8 mice fed the high-DHA diet took fewer trials than did those fed the low-DHA diet to make an avoidance (T(20) ¼ 4.692; p , .0001) during acquisition ( Figure 1A ) and to make five avoidances in six consecutive trials (T(20) ¼ 4.369; p , .0003) on the retention test ( Figure 1B) .
The fatty acid composition of PL classes in hippocampus and amygdala of the 12-month-old SAMP8 mice fed either the low-DHA or the high-DHA diet is shown in Table 2 . The two groups did not differ in the proportions of total saturated fatty acids (SFA) and total monounsaturated fatty acids (MUFA) in any of the PL classes of hippocampus and amygdala, except in the PC of the amygdala. The high-DHA dietary intake led to lower proportions (p , .05) of total SFA and higher proportions (p , .05) of total MUFA in the PC of the amygdala than did the low-DHA dietary intake. The high-DHA dietary intake was reflected by a lower proportion (p , .05) of total n-6 PUFA and a lower ratio between proportions (p , .05) of n-6 and n-3 PUFA in PC, PS, PI, and PE of both Figure 1 . Effect of dietary n-3 polyunsaturated fatty acids (PUFA) on acquisition (A) and retention (B) of T-maze foot-shock avoidance. Number of trials to make one avoidance was the measure of acquisition, and the number of trials to reach the criterion of making five avoidances in six consecutive trials was the measure of retention. Values are mean 6 standard error of the mean for 11 animals per group. *p , .01, compared to mice fed a low docosahexaenoic acid (DHA) diet (t test). hippocampus and amygdala. Furthermore, the high-DHA dietary intake was reflected in a higher proportion (p , .05) of total n-3 PUFA in PC, PI, and PE of both the hippocampus and amygdala, and in PS of the amygdala. The high-DHA dietary intake produced no significant effect on the peroxidizability index in any of the PL classes of either the hippocampus or amygdala (data not shown).
The high-DHA dietary intake led to higher proportions (p , .05) of DHA in PC (Figure 2A) , PI ( Figure 2C ), and PE ( Figure 2D ) of both hippocampus and amygdala than the low-DHA dietary intake. The high-DHA dietary intake had no effect on the proportion of DHA in PS of both hippocampus and amygdala ( Figure 2B ). The elevated proportion of DHA was compensated by a lower proportion (p , .05) of 20:4n-6 in all the PL classes of both hippocampus and amygdala, except in PI of hippocampus (Figure 3, A-D) .
No difference was found between the a-tocopherol concentrations in hippocampus or amygdala from the SAMP8 mice fed either the low-DHA or high-DHA diet (0.17 6 0.02 (mean 6 standard error of the mean) vs 0.23 6 0.05 nmol/mg tissue protein, and 0.26 6 0.05 vs 0.24 6 0.03 nmol/mg tissue protein, respectively).
DISCUSSION
High levels of DHA in brain tissue membrane PL have been associated with improved cognition in both animal and epidemiological studies. In this work, the effect of DHA in the diet of SAMP8 mice, animal model of AD, on cognition and membrane composition was studied. The dietary DHA was effectively incorporated into membrane PL classes in hippocampus and amygdala of aged SAMP8 mice. Furthermore, an improved acquisition and retention of T-maze foot-shock avoidance test was related to high-DHA dietary intake.
The high-DHA diet fed to the 10-month-old SAMP8 mice for 8 weeks was efficiently incorporated into PC, PI, and PE of both the hippocampus and amygdala. The reason why the proportion of DHA in PS was not affected by the high-DHA diet could be that PS contains the highest proportion of DHA compared to the other PL classes, and that an upper threshold for the incorporation of dietary n-3 PUFA has been reached (42) . The present finding is consistent with studies (4, 29, 30) that have shown that dietary DHA competes with 20:4n-6, the main n-6 PUFA, for incorporation into brain PL classes, and restores the ratio between n-6 PUFA and n-3 PUFA of brain PL classes. Studies have indicated that the ratio of the dietary intake of n-6 and n-3 PUFA has a determining influence on the level of performance in learning and memory tasks (43) (44) (45) . The improved acquisition and retention of T-maze foot-shock avoidance, demonstrated in the present study, could be related to the lower ratio between n-6 PUFA and n-3 PUFA found in the brain PL classes of the SAMP8 mice induced by the high-DHA diet. The authors of the present study have demonstrated that 4-month-old SAMP8 mice fed a regular diet (containing 5.3% total n-3 PUFA and 1.3% DHA) took fewer trials to reach criterion in the T-maze foot-shock avoidance test than did 12-month-old SAMP8 mice fed the same diet (18) . The hippocampus of these 12-month-old SAMP8 mice contained lower proportions of DHA in PS and PI, and a higher proportion of 20:4n-6 in PS than did the 4-month-old SAMP8 mice (12) . The findings in the present study show that the high dietary DHA content leads to accumulation of DHA in membrane PL of hippocampus and amygdala. This accumulation of DHA is most likely achieved by replacement of lipidperoxidized DHA in membrane PL and/or by the function of the high dose of the lipid-soluble chain-breaking antioxidant a-tocopherol (150 IU/kg diet) in the high-DHA diet, which is protective against peroxidative damage of DHA.
It has recently been shown that an increased intake of DHA may increase the production of SorLA/LR11, a protein known to destroy plaques associated with AD (46) . In the present study, the hippocampal Ab-peptide level of the SAMP8 mice was not investigated. However, in a number of previous studies we have demonstrated that the SAMP8 mice have elevated levels of APP and Ab protein (15) . The authors have also shown that lowering levels of Ab protein in aged SAMP8 mice improves memory (17) and reduces oxidative protein damage (47) . Therefore, in the present study it is indicated that the high-DHA diet may have prevented further amyloid accumulation and/or oxidative protein damage in the SAMP8 mice and thereby prevented decline in learning ability and memory.
A study in humans has demonstrated that a lower risk of developing AD is positively associated with dietary DHA, but not with dietary EPA (or 20:5n-3) (48). However, recent findings suggest that dietary EPA acts protectively against the damaging effects of Ab because of the multiple antiinflammatory effects of EPA (49, 50) . Furthermore, it has been suggested that the distinct roles of DHA and its precursors a-linolenic acid (18:3n-3) and EPA in energy metabolism and brain function are complementary and that optimal retention of cognitive function in the elderly population depends on a blend of the roles of all three fatty acids (51) . In the present study, EPA was not detected in the PL of hippocampus and amygdala, even though the high-DHA diet contained 11.7% EPA. It is likely that some of the EPA was converted to DHA in membrane PL or that some was used against damaging effects of Ab-peptide.
In this study it has been demonstrated that, late in life, DHA of marine origin is incorporated into brain membrane PL, and that an n-3 PUFA-rich diet is associated with protection against a decline in learning and memory. 
